Rab GTPases are key regulators of membrane trafficking, and many are activated by guanine nucleotide exchange factors bearing a differentially expressed in normal and neoplastic cells (DENN) domain. By activating the small GTPase Rab12, DENN domain-containing protein 3 (DENND3) functions in autophagy. Here, we identified a structural domain (which we name PHenn) containing a pleckstrin homology subdomain that binds actin and is required for DENND3 function in autophagy. We found that a hydrophobic patch on an extended ␤-turn of the PHenn domain mediates an intramolecular interaction with the DENN domain of DENND3. We also show that DENND3 binds actin through a surface of positively charged residues on the PHenn domain. Substitutions that blocked either DENN or actin binding compromised the role of DENND3 in autophagy. These results provide new mechanistic insight into the structural determinants regulating DENND3 in autophagy and lay the foundation for future investigations of the DENN protein family.
Small GTPases, key regulators of cellular function, are found in five classes, Ras, Rho, Ran, Rab, and Arf (1, 2) . Ras and Rho family members function in signal transduction, Ran mediates nucleocytoplasmic transport, and Arf and Rab proteins are regulators of intracellular vesicle trafficking (1, 2) . All of these small GTPases cycle between inactive GDP-bound and active GTP-bound forms. In their GTP-bound form, GTPases interact with effectors that carry out their cellular functions. Guanine nucleotide exchange factors (GEFs) 4 catalyze the exchange of GDP to GTP to activate small GTPases, and as such, GEF activity is often tightly regulated by physiological activities. For example, through conformational changes, the catalytic activity of GEFs can be released from autoinhibition, and through subcellular translocation, GEFs can be recruited to specific membranes to recruit and activate their substrates. Phosphorylation is another mechanism to regulate GEFs in response to specific physiological stimulation (1, 3) .
With 26 members, many of them involved in human diseases, the differentially expressed in normal and neoplastic cells (DENN) domain-containing proteins are the largest family of Rab GEFs (4 -8) . We previously demonstrated that DENN domain-containing protein 3 (DENND3), a GEF for Rab12, is regulated through phosphorylation during macroautophagy (9, 10) . Macroautophagy, hereafter referred to as autophagy, is a conserved process functioning in degradation of macromolecules. Upon specific stimulation, such as starvation, selective cellular materials are sequestered into a double membrane organelle, the autophagosome. Following fusion with lysosomes, the materials enclosed in the autophagosome are degraded, and the resulting products, such as amino acids, are released into the cytosol for reuse (11) . DENND3 plays a vital role in this process. Upon starvation, the most upstream kinase in the autophagy process, Unc-51-like kinase (ULK), phosphorylates DENND3, activating its GEF activity toward Rab12. Active Rab12 facilitates the traffic of autophagosomes toward lysosomes (9) . In addition to ULK-mediated phosphorylation, DENND3 is regulated by an intramolecular interaction that autoinhibits its GEF activity at the steady state (12, 13) . Phosphorylation of Tyr-940 within DENND3 counters the intramolecular interaction and renders an open conformation of DENND3, resulting in enhanced GEF activity toward Rab12 (12, 13) .
Tyr-940 resides in a region of DENND3 thought to be unstructured. Through generation of a series of protein constructs followed by expression studies, we identified a stable region surrounding Tyr-940 and solved its 3D structure at 1.85 Å resolution. Based on its structure and function, we propose the term PHenn, for PH-like domain binding to a DENN domain. We demonstrate that the PHenn domain functions as a novel actin-binding module and that the actin and DENN domain interactions are required for the role of DENND3 in autophagy.
Results and discussion

Structure of a PHenn domain of DENND3
The N terminus of DENND3 has a DENN domain, which is preceded by an N-terminal 79-amino acid extension. We refer cro EDITORS' PICK to the two regions collectively as the extended-DENN (Ext-DENN) domain. The C terminus contains a WD40 repeats domain (Fig. 1A) . The region between these domains is termed the linker. We previously demonstrated an intramolecular interaction between Ext-DENN and the linker that autoinhibits DENND3 GEF activity at steady state (12) . Importantly, the phosphorylation status of Tyr-940 near the C terminus of the linker regulates this intramolecular interaction. Using PSIPRED, a secondary structure prediction tool (14) , we noticed that the region surrounding Tyr-940 contains clustered ␣-helices and ␤-sheets, a sign of a structured domain. We thus sought to solve the structure of the linker through crystallography. The purified full-length linker failed to produce protein amenable to crystal formation. We thus generated a series of constructs involving progressive deletion of the N-terminal side of the linker until we mapped a minimal region that retained binding to the Ext-DENN and was suitable for structural studies. The construct, encoding residues 720 -973, bound to FLAG-Ext-DENN in pulldown experiments to the same extent as full-length linker ( Fig. 1B ). Crystals generated from the 720 -973 construct diffracted to better than 2 Å resolution. To determine the phases, the protein was labeled with selenomethionine, and the structure was solved using the single-wavelength anomalous dispersion method and refined to 1.85 Å. Statistics of data collection and refinement are shown in Table S1 . The structure, termed a PHenn domain, is present in two copies in the asymmetric unit. The molecules are very similar to each other with a root mean square deviation of atomic positions of 0.63 Å over 206 C␣ atoms ( Fig. S1A ). We observed residues 722-946 (chain A) and 723-947 (chain B) in the electron density map. The N-terminal residues 720 -721 and the C-terminal residues 948 -973 are absent in the model due to disorder. The structure shows a large helical bundle capped by a sandwich of two ␤-sheets stacked perpendicularly to each other (Fig. 1C ). The ␤-sheets in combination with the following helix form a characteristic pleckstrin homology (PH)-like fold (yellow in Fig. 1D ). The PH-like fold is an integral part of the larger domain, as it is preceded by four ␣-helices and followed by another three ␣-helices, all of which make up the helical bundle ( Fig. 1D) .
Previous studies demonstrated a key role for Tyr-940 in regulating the GEF activity of the DENN domain via an intramolecular interaction with the Ext-DENN region (12) . Tyr-940 is positioned at the surface made by the junction of four helices on the opposite site of the PH subdomain (Fig. S1B ). The side chain of Tyr-940 is solvent-accessible and is primed for contacts with the Ext-DENN ( Fig. S1B ). Moreover, when evolutionarily conserved regions of the PHenn domain were mapped onto the surface of the structure (gray, poorly conserved regions; green, highly conserved regions), we noticed that one of the most highly conserved surfaces is centered on Tyr-940 ( Fig. S1C ). This further highlights the physiological relevance of the intramolecular interaction.
A hydrophobic ␤-turn in the PHenn domain is involved in the intramolecular interaction
The most unusual structural feature of the PHenn domain is a cluster of hydrophobic residues (Phe-856, Leu-857, Leu-858, A, schematic diagram of DENND3 with an N-terminal DENN domain with its preceding extension, a C-terminal WD40 domain, and the PHenn domain 720 -973, which is the minimal fragment required for binding the Ext-DENN. B, HEK-293T cells were transfected with FLAG-Ext-DENN, and lysates were incubated with GST, GST-PHenn(720 -973), or GST-linker amino acids 538 -973 coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-FLAG antibody. An aliquot of the lysate (starting material; SM) equal to 10% of that added to the beads was analyzed in parallel. C, schematic representation of the PHenn domain of DENND3 in rainbow colors, from blue at the N terminus to red at the C terminus. Secondary structure elements are labeled. D, the PHenn domain is composed of a PH domain (yellow) surrounded by N-and C-terminal helices (green).
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and Leu-859) that make up a hydrophobic ␤-turn that protrudes from the structure ( Fig. 2A ). On the outside surface of the ␤-sheet, the hydrophobic surface extends on either side by Val-854 and Ile-861 ( Fig. 2A ). Interestingly, in the crystal, the hydrophobic ␤-turn is stabilized by interactions between DENND3 molecules ( Fig. 2B ). We previously observed that DENND3 self-associates (12) and wondered whether the PHenn domain contributes to DENND3 oligomerization. We thus performed pulldown experiments using the GST-PHenn domain with cell lysates expressing FLAG-tagged PHenn Figure 2 . A hydrophobic ␤-turn in the PHenn domain is required for DENN domain binding but not DENND3 oligomerization. A, PHenn ␤-strands 5 and 6 form an extended hydrophobic surface. B, the ␤5-␤6 loops are involved in hydrophobic contacts between adjacent PHenn domains in the protein crystals. C, the PHenn domain does not oligomerize. HEK-293T cells were transfected with FLAG-PHenn domain 716 -973, and lysates were incubated with GST or GST-PHenn domain 716 -973 coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-FLAG antibody. An aliquot of the lysate (starting material; SM) equal to 10% of that added to the beads was analyzed in parallel. D, mutations in the PHenn hydrophobic loop do not impair DENND3 oligomerization. Lysates from HEK-293T cells co-transfected with FLAG-DENND3 and HA-DENND3 or mutants FLAG-DENND3 L857Q/L858Q (L to Q) and HA-DENND3 L857S/L858S (L to S) were incubated with protein G beads alone or protein G beads coupled to anti-FLAG antibody (IP-FLAG). Proteins bound specifically to the beads were processed for Western blot with anti-FLAG and anti-HA antibodies. An aliquot of the cell lysate (starting material) equal to 10% of that added to the beads was analyzed in parallel. E, mutations in the hydrophobic loop impair DENN domain binding. HEK-293T cells were transfected with FLAG-Ext-DENN, and lysates were incubated with GST, GST-PHenn domain wildtype, or GST-PHenn domain with the mutation of L857Q/L858Q coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-FLAG antibody. An aliquot of the lysate (starting material) equal to 10% of that added to the beads was analyzed in parallel. F, mutations in the hydrophobic loop impair DENND3-dependent autophagy. Cells were treated with control siRNA or with siRNA for human DENND3. Additionally, cells treated with DENND3 siRNA were subsequently mock-transfected or transfected with wildtype mouse DENND3 or mouse DENND3 with L857Q/L858Q mutations. The cells were subsequently starved with EBSS, and then lysates were processed for Western blotting with anti-pSer-554 of DENND3, anti-FLAG, anti-p62, anti-LC3, or anti-GAPDH antibody. Relative p62 and LC3-II levels were determined from three repeats. Bars, mean Ϯ S.D. (error bars). Statistical analysis employed one-way analysis of variance followed by Tukey's post hoc test. *, p Ͻ 0.05.
domain but detected no interaction ( Fig. 2C) . To test a possible role of the hydrophobic ␤-turn in the context of the full-length protein, we mutated both Leu-857 and Leu-858 to either glutamine or serine (labeled L to Q or L to S in Fig. 2 ). The interaction of full-length FLAG-tagged and HA-tagged DENND3 proteins was not altered by the mutations (Fig. 2D ). These results indicate that the hydrophobic ␤-turn is not involved in the oligomerization of DENND3. The interaction between the PHenn domains seen in the crystal is probably limited to the process of crystal formation.
To test whether the hydrophobic ␤-turn is involved in the intramolecular interaction between PHenn domain and the Ext-DENN, we performed pulldown experiments using the GST-PHenn domain with cell lysates expressing FLAG-tagged Ext-DENN. As shown in Fig. 2E , the binding between Ext-DENN and the PHenn domain was abolished by the L857Q/ L858Q double mutation in the PHenn domain, suggesting that the hydrophobic ␤-turn is critical for the intramolecular interaction.
Release of the intramolecular interaction, leading to up-regulation of GEF activity, would leave the hydrophobic cluster exposed. In some cases, clustered hydrophobic residues insert into lipid bilayers, such as what is seen in the N-BAR domain of endophilin, which anchors into membranes through hydrophobic residues in its N-terminal amphipathic helix (15, 16). We wondered whether the hydrophobic ␤-turn would insert into membranes upon release of the intramolecular interaction. We thus compared the membrane pool of wildtype DENND3 with that of DENND3 with L857Q/L858Q mutations using subcellular fractionation experiments. Postnuclear supernatants from lysates expressing the DENND3 proteins were centrifuged at 200,000 ϫ g, and the membrane (pellet) and cytosolic (supernatant) fractions were analyzed. Whereas Na ϩ K ϩ -ATPase, an integral membrane protein was found in the pellet and GAPDH, a cytosolic protein, was found mainly in the supernatant, the L857Q/L858Q mutant was found mainly in the membrane fraction, the same as wildtype DENND3 (Fig. S2,  A and B) . Thus, the hydrophobic ␤-turn does not appear to be a determinant of membrane association of DENND3.
PH domains are well-known for their property to bind phosphatidylinositol (17) . We thus tested for the association of the PHenn domain with an array of lipid species using the GST-PHenn fusion protein overlay assay with hydrophobic membrane strips spotted with various lipid species (Fig. S2C ). As for GST, the GST-PHenn domain failed to bind any lipid species, whereas the GST-PH domain of PLC-␦1 bound to phosphatidylinositol 4,5-bisphosphate as expected (18) (Fig. S2C ). This suggests that the PHenn domain of DENND3 does not possess lipid-binding activity.
To investigate whether the hydrophobic ␤-turn is involved in the role of DENND3 in autophagy, we performed knockdown/ rescue experiments. As shown previously (9) , upon starvation, reduced p62 levels and increased LC3 lipidation levels indicate the induction of autophagy (Fig. 2F, lanes 1 and 2) . Knockdown of DENND3 compromises autophagy, as indicated by the reduced level of lipidated LC3 and the elevated level of p62 (Fig.  2F, lane 3) . Importantly, the inhibited autophagy resulting from DENND3 knockdown is rescued with re-expression of wildtype DENND3 (Fig. 2F, lane 4) , but not with the L857Q and L858Q mutant, which has compromised hydrophobicity at the ␤-turn of the PHenn domain (Fig. 2F, lane 5) . This suggests that the hydrophobic ␤-turn is involved in the role of DENND3 in starvation-induced autophagy, supporting the hypothesis that, besides the intramolecular interaction, the ␤-turn interacts with an unknown binding partner when it is not occupied by the Ext-DENN region and that this interaction is required for the proper function of DENND3 in autophagy.
The PHenn domain of DENND3 is a novel actin-binding module
Structure-based alignment using the Dali server (19) , which compares a query protein 3D structure against structures in the Protein Data Bank, revealed that the PHenn domain has structural similarity to the FERM domain from sorting nexin-17 (20) and focal adhesion kinase (21) (Fig. S3 ). FERM domains consist of three subdomains, a ubiquitin-like fold, an acyl-CoAbinding protein-like fold, and a PH domain fold (22) . FERM domains are frequently found in actin-binding proteins, and it is reported that the isolated PH subdomain of FERM domains binds to filamentous actin (F-actin) (23). We thus tested whether the PHenn domain of DENND3 binds to F-actin. Purified GST-PHenn domain, GST alone, or purified actinin, a known F-actin-binding protein, was incubated with purified, preassembled F-actin and then subjected to ultracentrifugation, which is capable of pelleting F-actin but not monomeric actin. After centrifugation in the absence of F-actin, purified GST, GST-PHenn domain, and actinin remained in the supernatant (Fig. 3A, lanes 1, 3, and 13) . In contrast, in the presence of F-actin, the DENND3 GST-PHenn domain sedimented (Fig.  3A, lane 10) , as did actinin (Fig. 3A, lane 12) , but GST remained in the supernatant (Fig. 3A, lane 8) . Purified full-length DENND3 also co-sedimented with F-actin (Fig. 3B) , and the GST-PHenn domain bound to endogenous actin from rat tissue lysates (Fig. 3C ). Together, these data demonstrate that the PHenn domain is a novel actin-binding module.
Actin binding is required for the function of DENND3 in autophagy
To investigate whether actin binding is required for the role of DENND3 in autophagy, we sought to map the interaction between actin and DENND3 through site-directed mutagenesis. Bruton's tyrosine kinase interacts with F-actin through basic amino acids close to the N terminus of its PH domain (24) . We thus mutated surface-exposed Arg and Lys residues around the N-terminal region of the first ␤-sheet of the PHenn domain of DENND3. We screened for actin binding by pulldown experiments with GST fusion proteins. As shown in Fig. 4A, 10 g of the GST-PHenn domain with mutations at Lys-812, Arg-815, Lys-819, Arg-834, or Arg-844 has compromised actin binding compared with wildtype protein. In contrast, mutation of both Leu-857 and Leu-858 to glutamine in the ␤-turn of the PHenn domain does not influence binding (Fig. 4A, compare lane 3  with lane 9) . Even with increased amounts of the GST-PHenn domain up to 30 g, R815E and K819E still exhibit clear defects in binding to actin (Fig. 4B) . We then performed actin sedimentation experiments with these mutants (Fig. 4C ). Whereas the The PHenn domain of DENND3 binds actin majority of wildtype PHenn domain and of the L857Q/L858Q mutant co-sediments with F-actin, the mutants of the basic residues have less co-sedimentation. Among these mutants, R844E, which resides on a loop connecting the first and second ␤-sheets, has only a subtle reduction of actin binding (Fig. 4, A  and C) . The basic residues with obvious defects in actin binding cluster on a surface of the PHenn domain, rendering a binding platform (Fig. 4D) . To test the role of actin binding in autophagy, we performed knockdown/rescue experiments. As shown previously, knockdown of DENND3 counters the change of p62 and LC3 induced by starvation, indicating that autophagy is inhibited (Fig. 5A, lane 3) . The compromised autophagy resulting from DENND3 knockdown is rescued with re-expression of wildtype DENND3 (Fig. 5A, lane 4) , but not with the Arg-815 or Lys-819 mutants (Fig. 5A, lanes 5 and 6) . These data demonstrate that actin binding is required for the role of DENND3 in autophagy.
Actin has essential roles in multiple aspects of autophagy, which includes providing tracks for myosin-based traffic (25). Previously, we had predicted that Rab12, the substrate of DENND3 that engages in autophagosome trafficking, associates with a motor protein to achieve its role in autophagy (9) . Because we identified the PHenn domain of DENND3 as a novel actin-binding module, we tested whether Rab12 binds to actin motor protein myosin. Among the three non-muscle myosins, IIA, IIB, and IIC, that we tested (26) , endogenous myosin IIA has robust binding with the GST-Rab12 fusion protein (Fig. 5B ). In addition, we found that the GST-PHenn domain of DENND3 interacts with endogenous myosin IIA (Fig. 5B ). Interestingly, PHenn domain mutants with defects in actin binding also have compromised interactions with myosin IIA (Fig. 5C ), which suggests that actin may bridge the binding between DENND3 and myosin IIA. Upon starvation, ULK-mediated phosphorylation of DENND3 activates Rab12, which localizes at autophagosome and facilitates autophagosome trafficking (9) . Considering that ULK-mediated activation of myosin II is also required for starvation-induced autophagy (27), autophagosome-associated Rab12 may traffic along actin through interacting with myosin IIA. In this way, this functional protein complex of myosin IIA, DENND3, and Rab12 lies downstream of ULK upon starvation. The close proximity within the protein complex may facilitate the immediate coupling of Rab12 with myosin IIA to transport autophagosome along actin to fuse with lysosome/endosome after Rab12 is recruited and activated by DENND3 during autophagy.
The PH domain is well-known as a phosphatidylinositol lipid-binding module (17) . In fact, it has diverse functions in GEFs. For example, the PH domain of Ras-GRF binds to ␤␥ subunits of heterotrimeric G proteins (28) , and the PH domain of PDZ-RhoGEF binds to GTP-bound RhoA (29) . There are often Dbl homology (DH)/PH domain tandems in GEFs for Rho family GTPases. The PH domain of Sos binds to the DH domain, a GEF domain, inhibiting the GEF activity of Sos toward Rac (30, 31) . Here, for the first time, we find that a PH-like module binds to a DENN domain and thus autoinhibits the GEF activity, suggesting a common role of PH domains across different GEF families.
The intramolecular interaction within DENND3 may be conserved among other DENN proteins that possess PH domains, such as MTMR5 and MTMR13, whose mutation links to Charcot-Marie-Tooth disease (32) . It will be interesting to test whether PH domains in these proteins also bind to actin. Our findings provide a paradigm for future investigations of the large family of DENN proteins.
Experimental procedures
Antibodies and reagents
FLAG and HA antibodies were from Sigma and BioLegend, respectively. Myosin IIA and LC3 antibodies were from Cell Signaling Technology. The rabbit polyclonal antibody against pSer-554 of DENND3 was custom-made under contract with Phosphosolutions. Na ϩ K ϩ -ATPase antibody was from Millipore. GST antibody was purchased from Sigma. Mouse DENND3 cDNA was from Imagenes. Amino acid region 716 -973 of DENND3 was cloned into pGEX vector, creating the GST-PHenn domain. FLAG-DENND3, FLAG-Ext-DENN, GST-linker, etc. were generated as described previously (9, 12) . Leu-857 and Leu-858 mutations of FLAG-DENND3 and the GST-PHenn domain were created by the QuikChange site-directed mutagenesis kit from Stratagene, the same as the muta- A, purified PHenn domain binds to F-actin. GST-PHenn domain 720 -973 (codon-optimized construct), negative control GST, or positive control actinin was incubated with or without F-actin, followed by centrifugation capable of pelleting F-actin. Protein bound to F-actin was co-sedimented during the centrifugation. Supernatant (S) and pellet (P) were processed for SDS-PAGE, and gel was stained by Coomassie Blue. B, full-length DENND3 binds to F-actin. Purified FLAG-tagged DENND3 was cleared by centrifugation at 240,800 ϫ g for 15 min at 4°C and incubated with or without F-actin, followed by centrifugation at 148,300 ϫ g for 15 min at 24°C. Protein bound to F-actin co-sedimented during the centrifugation. Supernatant (S) and pellet (P) were processed for Western blotting with an anti-FLAG antibody. C, GST-PHenn binds actin in tissue lysates. Rat lung lysates were incubated with GST or GST-PHenn domain 720 -973 (codon-optimized construct) coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-actin antibody. An aliquot of the lysate (starting material; SM) equal to 10% of that added to the beads was analyzed in parallel.
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tion of Lys-812, Arg-815, Lys-819, Arg-834, or Arg-844 of the GST-PHenn domain.
Protein expression and purification for crystallography
Mouse DENND3 fragment 720 -973 was codon-optimized for Escherichia coli expression (BioBasic) and inserted into pGEX-6P-1 vector. The plasmid was transformed into BL21 (DE3) and plated on LB-agar with ampicillin (100 mg/liters) for selection. A single colony was inoculated in 20 ml of LB medium and incubated in a 37°C shaker overnight. The overnight culture was then inoculated into 1 liter of LB medium and grown at 37°C. When A 600 reached 0.8, the cell culture was induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside at 18°C for 18 h. For production of selenomethionine-labeled protein, the expression plasmid was trans-formed into the E. coli methionine auxotroph strain DL41 (DE3), and the protein was produced using LeMaster medium. After expression, the cell culture was pelleted at 7000 ϫ g for 20 min and resuspended in PBS buffer (10 mM sodium phosphate, pH 7.4, 137 mM NaCl, 2.7 mM potassium chloride). Cells were lysed by sonication and centrifuged at 30,000 ϫ g for 45 min. The supernatant was loaded onto glutathione-Sepharose resin (Qiagen, Valencia, CA), which was pre-equilibrated with PBS buffer. The protein/resin mixture was incubated at 4°C for 30 min, followed by washes with PBS buffer. Subsequently, the GST-tagged protein was eluted with 20 mM glutathione, and the GST tag was cleaved with PreScission Protease, followed by purification using a size-exclusion Superdex 75 column (GE Healthcare), equili- A, positively charged residues in PHenn are required for actin binding. Rat lung lysates were incubated with 10 g of GST, GST-PHenn domain 716 -973, or GST-PHenn domain with mutation at Lys-812, Arg-815, Lys-819, Arg-834, Arg-844, or Leu-857 and Leu-858 (L to Q)) that was coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-actin antibody. An aliquot of the lysate (starting material; SM) equal to 2.5% of that added to the beads was analyzed in parallel. B, rat lung lysates were incubated with 30 g of GST or GST-PHenn domains. Experiments were carried out as in A. C, loss of basic residues impairs co-sedimentation with actin. Purified GST, GST-PHenn domain (residues 716 -973) wildtype, or GST-PHenn domain with mutation at Lys-812, Arg-815, Lys-819, Arg-834, Arg-844, or Leu-857 and Leu-858 was incubated with or without F-actin, followed by centrifugation capable of pelleting F-actin. Supernatant (S) and pellet (P) were processed for SDS-PAGE, and the gel was stained by Coomassie Blue. D, a surface model of the PHenn domain highlighting residues Lys-812, Arg-815, Lys-819, and Arg-834 with blue and Leu-857 and Leu-858 with dark gray.
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brated with 20 mM MES, pH 6.5, 150 mM NaCl, 3 mM DTT.
Crystallization DENND3(720 -973) was concentrated to ϳ10 mg/ml. Crystallization screens were performed in 24-well plates in a hanging-drop format using commercial Qiagen screens. Promising conditions were further explored by systematic modifications of the initial conditions within a narrow range. The best native crystals for DENND3(720 -973) were obtained at 20°C by equilibrating a 0.8-l drop of protein at 10 mg/ml in 20 mM MES, pH 6.5, 150 mM NaCl, 3 mM DTT, with 0.8 l of reservoir solution containing 0.24 M sodium malonate, pH 7.0, 20% PEG 3350, suspended over 1 ml of reservoir solution. The selenomethionine-labeled crystals for were obtained in similar condition. For cryoprotection, crystals were transferred into crystallization solution containing 25% (w/v) ethylene glycol. For data collection, crystals were picked up in a nylon loop and flashfrozen in an N 2 cold stream (Oxford Cryosystem).
Structure determination and refinement
The selenium single-wavelength anomalous dispersion data set was collected using a single-wavelength (0.98 Å) regime on an ADSC Quantum-210 CCD detector (Area Detector Systems Corp.) at beamline A1 at the Cornell High-Energy Synchrotron Source (CHESS) ( Table S1 ). Data processing and scaling were performed with HKL2000 (33) . The anomalously scattering selenium substructure was determined using the program AUTOSOL in the PHENIX suite (34) , which built ϳ80% of the model. The model was further extended manually using the program Coot (35) and was improved by multiple cycles of refinement using the program PHENIX (34) . Coordinates have been deposited in the RCSB Protein Data Bank with accession code 6B3Y.
Immunoprecipitation
Cells were collected in HEPES lysates buffer (20 mM HEPES, pH 7.4, 10 mM sodium fluoride, 0.5 mM sodium orthovanadate, 60 nM okadaic acid, 100 mM sodium chloride, 1% Triton X-100, 0.5 g/ml aprotinin, 0.5 g/ml leupeptin, 0.83 mM benzamidine, and 0.23 mM phenylmethylsulfonyl fluoride). Following 10 min on ice, lysates were spun at 238,700 ϫ g for 15 min. The supernatant was incubated for ϳ3 h at 4°C with antibodies coupled to protein A or G Sepharose. Beads were subsequently washed three times with HEPES lysates buffer, and processed for SDS-PAGE. Samples were then analyzed through Western blotting.
Pulldown assays
Cell lysates prepared in the same way as described in immunoprecipitation were incubated for ϳ3 h at 4°C with GST or GST fusion proteins coupled to glutathione-Sepharose. The samples were subsequently washed and prepared for Western blotting as described under "Immunoprecipitation."
Subcellular fractionation
HEK-293T cells were transfected overnight with FLAGtagged wildtype DENND3 or L857Q/L858Q double mutant. Cells were then washed in PBS and collected in HEPES buffer (20 mM HEPES, pH 7.4, 0.5 g/ml aprotinin, 0.5 g/ml leupeptin, 0.83 mM benzamidine, and 0.23 mM phenylmethylsulfonyl fluoride). After a 10-min incubation on ice, lysates were passed through syringes with 25-gauge needles five times under positive pressure and then spun at 800 ϫ g for 10 min. The supernatant was adjusted to 1.2 mg/ml and then subject to centrifugation at 200,000 ϫ g (TLA-100 Beckman rotor) for 30 min at 4°C. The resulting supernatant and pellet were processed for SDS-PAGE and Western blotting. . Actin binding is required for DENND3-mediated autophagy. A, defect in actin binding impairs DENND3-dependent autophagy. Cells were treated with control siRNA or with siRNA for human DENND3. Cells treated with DENND3 siRNA were subsequently mock-transfected or transfected with wildtype mouse DENND3 or mouse DENND3 with Arg-815/Lys-819 mutation. The cells were subsequently starved with EBSS, and then lysates were processed for Western blotting with anti-pSer-554 of DENND3, anti-FLAG, anti-p62, anti-LC3, or anti-GAPDH antibody. Relative p62 and LC3-II level were determined from three repeats. Bars, mean Ϯ S.D. (error bars). Statistical analysis employed one-way analysis of variance followed by Tukey's post hoc test. *, p Ͻ 0.05; n.s., not significant. B, the DENND3 PHenn domain binds myosin. Rat lung lysates were incubated with GST, GST-PHenn domain 720 -973 (codon-optimized construct), or GST-Rab12 coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-myosin IIA antibody. C, actin binding is required for the DENND3 PHenn domain to interact with myosin IIA. Rat lung lysates were incubated with 30 g of GST, GST-PHenn domain, or GST-PHenn domain with mutation at Lys-812, Arg-815, Lys-819, Arg-834, Arg-844, or Leu-857 and Leu-858 (L to Q) that was coupled to glutathione-Sepharose beads. Proteins specifically bound to the beads were processed for Western blotting with anti-myosin IIA antibody.
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This assay was performed according to the manual of the PIP Strip membrane (Echelon Biosciences) with slight modifications. Briefly, the PIP Strip membrane was covered with blocking buffer (PBS, 0.1% (v/v) Tween 20, and 3% BSA) for 1 h at room temperature. The blocking buffer was changed for 1.8 g/ml GST/GST-PHenn domain of DENND3 or 0.5 g/ml GST-PH domain of PLC-␦1 (Echelon Biosciences) in blocking buffer for 1 h at room temperature and then anti-GST primary antibody, followed by secondary HRP antibody, and a wash with PBST buffer (PBS and 0.1% (v/v) Tween 20) between, processing as for Western blotting.
Actin sedimentation experiment
GST/GST-PHenn domains freshly purified or purified and then snap-frozen in liquid nitrogen and stocked at Ϫ80°C (maximum one freeze thaw cycle) were used. The experiments were performed following the manual of the Actin Binding Protein Biochem Kit (Cytoskeleton) with modifications. Briefly, for preparing the F-actin, the lyophilized actin was resuspended to 1 mg/ml with General Actin Buffer (Cytoskeleton) and left on ice for 30 min. Actin Polymerization Buffer (Cytoskeleton) was then added. The polymerization reaction was kept at room temperature for 1 h. For preparing GST/GST-PHenn domains to be tested, 16 l of purified GST/GST-PHenn domain wildtype or mutants (ϳ3 mg/ml) was diluted with the addition of 49 l of General Actin Buffer and then subjected to centrifugation at 217,000 ϫ g (TLA-100 Beckman rotor) for 1.5 h at 4°C. 30 l of the supernatant was gently mixed with 80 l of F-actin or 80 l of buffer of the F-actin, incubated at room temperature for 30 min, and then centrifuged at 148,300 ϫ g (TLA-100 Beckman rotor) for 1 h at 24°C. The resulting supernatant was immediately collected, followed by the addition of 27.5 l of 5ϫ Laemmli Sample Buffer. The resulting pellet was resuspended into 68.8 l of double-distilled water. 2ϫ Laemmli Sample Buffer was then added to the resuspension. After boiling the sample, 65-l samples from the supernatant or the pellet were processed for SDS-PAGE, and the gel was stained by Coomassie Blue.
Knockdown and rescue experiments
Cells were treated with control non-targeting siRNA (All-Stars Negative Control siRNA, Qiagen) or with a previously validated (9) siRNA targeting human DENND3 (5Ј-cgacggtttagttctgataaa-3Ј) for 3 days (Lipofectamine RNAiMAX, Thermo Fisher) before lysing the cells. Cells that were treated with DENND3 siRNA were subsequently mock-transfected or transfected with wildtype mouse DENND3 or mouse DENND3 with the L857Q/L858Q, R815E, or K819E mutation for 9 h (Lipofectamine 3000, Thermo Fisher) before the cells were starved with Earle's balanced salt solution (EBSS). Cells were then collected in HEPES lysis buffer (20 mM HEPES, pH 7.4, 10 mM sodium fluoride, 0.5 mM sodium orthovanadate, 60 nM okadaic acid, 100 mM sodium chloride, 1% Triton X-100, 0.5 g/ml aprotinin, 0.5 g/ml leupeptin, 0.83 mM benzamidine, and 0.23 mM phenylmethylsulfonyl fluoride). Following 10 min on ice, lysates were spun at 238,700 ϫ g for 15 min. The supernatant was processed for SDS-PAGE and then Western blotting.
Statistical evaluation
Experiments were repeated at least three times. Statistical analysis of the results was carried out by one-way analysis of variance, followed by Tukey's multiple-comparison test when appropriate. p Ͻ 0.05 was considered significant.
